In view of the shortcomings of current image detection methods for icing thickness on power transmission lines, an image measuring method for icing thickness based on remote online monitoring was proposed. In this method, a Canny operator is used to get the image edge, in addition, a Hough transform and least squares are combined to solve the problems of traditional Hough transform in the parameter space whereby it is easily disturbed by the image background and noises, and eventually the edges of iced power transmission lines and un-iced power transmission lines are accurately detected in images which have low contrast, complex grayscale, and many noises. Furthermore, based on the imaging principle of the camera, a new geometric calculation model for icing thickness is established by using the radius of power transmission line as a reference, and automatic calculation of icing thickness is achieved. The results show that proposed image recognition method is rarely disturbed by noises and background, the image recognition results show good agreement with the real edges of iced power transmission lines and un-iced power transmission lines, and is simple and easy to program, which suggests that the method can be used for image recognition and calculation of icing thickness.
Introduction
The earliest reports of icing accidents on power transmission lines appeared in 1932, and since then Norway, Canada, Britain, Russia, Japan and other countries or regions have had serious icing disasters. With global abnormal weather occurring frequently in today's climate, icing disasters on power transmission lines are growing in frequency due to the prevailing macroclimate, micrometeorological, and microtopography conditions. These seriously threaten the safe operation of the power grid and have caused huge losses to the respective national economies.
Power transmission line breakage, transmission tower toppling, ice flashover, power transmission line galloping, etc., caused by icing, often occurred in China during the winter, [1] [2] [3] . In the 2008 southern snowstorm in China, the direct economic losses of the State Grid and China Southern Power Grid were 10.4 billion and 5 billion RMB, and the indirect economic losses and social impact caused by the power outage were more difficult to estimate [4] [5] [6] . In order to ensure the normal operation of the power system, reduce and prevent icing disaster consequences on power transmission lines, it is necessary achieve real-time online monitoring of icing thickness on these lines.
Compared with weighing methods which are susceptible to wind and magnetic fields, icing rate meter methods which cannot directly measure icing thickness on power transmission lines, optical fiber sensing methods which have characteristics of zero drift and non-linearity, and wire dip methods which are susceptible to stiffness on rotating power transmission lines, image recognition methods which are real-time and visible have been a recent trend and direction of research on icing monitoring methods.
In the current world, the vast majority of transmission towers are equipped with remote online monitoring terminals, and these could collect and transfer real-time icing images to monitoring centers, so we can obtain the real-time icing status from icing images, and then calculate the icing thickness to further assess the icing harm potential on power transmission lines. However, the background environment of power transmission lines is complex, the imaging environment is easily affected by light factors, and lossy compression methods are applied to the image transmission process, which leads to icing images having characteristics of low contrast, complex grayscale, all kinds of noises, etc. [7, 8] . At present, image recognition algorithms for icing thickness on power transmission lines rarely take into account these aspects. For example, based on obtaining all slopes of the power transmission line in an image, the slope line searching algorithm described in [9] calculates the mainstream slope as the edge of the iced power transmission line. In this method, some slopes which do not belong to the power transmission line will affect the calculation of the mainstream slope. In addition, the optimal threshold and mathematical morphology algorithm from [10] can only get the edges of the iced power transmission line from images which have simple backgrounds. In fact, power transmission line icing images have very complex backgrounds. Similarly, the automatic tracking algorithm from [11] simply averages the vertical coordinates of the upper outline pixels and lower outline pixels of the iced power transmission line, without considering the impacts of image noises.
To address the above problems, this paper presents an image recognition algorithm for icing thickness on power transmission linea based on a least squares Hough transform. Compared with the shortcomings of the traditional Hough transform which is easily affected by background and noises in parameter space [12] [13] [14] [15] , this algorithm combines a Hough transform with the least squares method, and then accurately identifies the edges of iced power transmission lines and un-iced power transmission lines in images which have low contrast, complex grayscale, and many noises. In addition, a new geometric model of icing thickness was established to automatically calculate icing thickness. An engineering example was carried out to test and verify this proposed image recognition method.
Image Recognition Process
Based on the least squares Hough transform, this paper presents an image recognition algorithm for icing thickness on power transmission line, which can be divided into four steps: image acquisition, image preprocessing, power transmission line edge detection, and calculation of icing thickness. The specific implementation process is as shown in Figure 1 and involves the following steps:
1.
This paper uses a remote camera mounted at a fixed position on the tower to take color images of un-iced and iced power transmission lines at a fixed angle. The captured images are shown in Figure 2 [16].
2.
The color images of un-iced and iced power transmission lines should be respectively subjected to grayscale processing to obtain grayscale images. After that, the Canny operator is used to detect the edges of the two images. By setting a self-adaptation dual threshold in the Canny operator, the edges of un-iced power transmission lines and iced power transmission line are preserved to a certain extent and then non-edge pixels are removed to the greatest degree. 3.
In the edges of the two images, a Hough transform is used to search for the pixels located on a straight line, and then achieve a rough positioning of the un-iced and iced power transmission line edges. At the same time, least squares fitting is applied to the pixel coordinates of the rough positioning based on the linear equation, and we can get accurate un-iced and iced power transmission line edges. Finally, the pixel coordinate equations of the power transmission line edges are obtained. 
Image Preprocessing
The color images are taken using a remote camera mounted on the tower, and then a lossy compression method is applied to the image transmission process, so these images have complex backgrounds, low contrast, and many kinds of noises, which affect the edge detection of power transmission lines, therefore, the purposes of image preprocessing in this paper are to eliminate image noises, improve image contrast, obtain image edges, and make appropriate preparations for power transmission line edge detection. 
Grayscale Processing
Conversion formulas from color image to grayscale image are as follows:
where P is the pixel in image, R is the red component, G is the green component, and B is the blue component. Based on grayscale processing, the grayscale images shown in Figure 3 are obtained.
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Image Edge Detection
The Canny operator is the most effective edge detection algorithm, whose process can be divided into four steps: Gaussian filtering, gradient calculation, non-maximum suppression, and dual threshold edge detection.
Gaussian Filtering
We use a remote camera mounted on the tower to take images, so the imaging environment is easily affected by the light intensity, light uniformity and other factors, thus Gaussian noises are easily produced in images and affect image edge detection. However, Gaussian noises can be eliminated by Gaussian filtering. The weighted average gray value of target pixel and neighborhood pixels is re-assigned to gray value of the target pixel, that is, the image is scanned with the 3 × 3 template (refer to (2)), and the weighted average gray value is re-assigned to the gray value of the center pixel:
Gaussian filtering is performed on Figure 3 , and the results are as shown in Figure 4 . To some extent, the image noises are eliminated.
Gradient Calculation
On the edges of the image, the gray values of adjacent pixels obviously change. Therefore, the core problem of image edge detection is to find the pixels with "jumping" gray value. In the digital image processing and analysis process, amplitude and direction of the gradient are calculated by the finite difference of the first-order partial derivative, which are used to describe the degree and direction of the pixel gray value changes, and then determine the image edges. 
Image Edge Detection
Gaussian Filtering
Gradient Calculation
On the edges of the image, the gray values of adjacent pixels obviously change. Therefore, the core problem of image edge detection is to find the pixels with "jumping" gray value. In the digital image processing and analysis process, amplitude and direction of the gradient are calculated by the finite difference of the first-order partial derivative, which are used to describe the degree and direction of the pixel gray value changes, and then determine the image edges. Gaussian filtering can't remove all the image noises. To further eliminate the effects of image noises on edge detection, a Sobel template operator is used for the convolution calculation:
where P is the pixel matrix of image, (Gx, Gy) is a gradient vector. Then the gradient amplitude G and direction O are also obtained by (4): 
Non-Maximum Suppression
A number of non-edge pixels are included in Figure 5 , so we can eliminate pixels with small gradient values and preserve pixels with local largest gradient values to eliminate non-edge pixels. Gaussian filtering can't remove all the image noises. To further eliminate the effects of image noises on edge detection, a Sobel template operator is used for the convolution calculation:
where P is the pixel matrix of image, (G x , G y ) is a gradient vector. Then the gradient amplitude G and direction O are also obtained by (4):
Based on P i .g = 255 · G i /G max , we assign the gradient amplitude G i directly to the pixel gray value Pi.g by scaling, where G max is the maximum value of image gradient amplitude. Then the grayscale images of gradient amplitude are obtained. As shown in Figure 5 , using the gradient amplitude G as the image edge directly can improve the image contrast and enhance the edge features of the image, but not enough to determine the edges of the image. Gaussian filtering can't remove all the image noises. To further eliminate the effects of image noises on edge detection, a Sobel template operator is used for the convolution calculation:
where P is the pixel matrix of image, (Gx, Gy) is a gradient vector. Then the gradient amplitude G and direction O are also obtained by (4):
Based on max . 255
we assign the gradient amplitude Gi directly to the pixel gray value Pi.g by scaling, where Gmax is the maximum value of image gradient amplitude. Then the grayscale images of gradient amplitude are obtained. As shown in Figure 5 , using the gradient amplitude G as the image edge directly can improve the image contrast and enhance the edge features of the image, but not enough to determine the edges of the image.
A number of non-edge pixels are included in Figure 5 , so we can eliminate pixels with small gradient values and preserve pixels with local largest gradient values to eliminate non-edge pixels. 
A number of non-edge pixels are included in Figure 5 , so we can eliminate pixels with small gradient values and preserve pixels with local largest gradient values to eliminate non-edge pixels. That method is non-maximum suppression. Non-maximum suppression is performed in the gradient Energies 2017, 10, 415 6 of 15 direction, and the pixels where the local gradient amplitude is the largest are retained. In order to simplify the comparison of the gradient amplitude, the gradient angle O needs to be processed as follows:
Step 1: The range of inverse trigonometric function is (−π/2, π/2), so the gradient angle O obtained by (4) can plus a constant π/2, and then range becomes (0, π).
Step 2: Based on Table 1 and Figure 6 , the gradient angles O are divided into four sectors of the circumference, and then the gradient angles O are reset. That method is non-maximum suppression. Non-maximum suppression is performed in the gradient direction, and the pixels where the local gradient amplitude is the largest are retained. In order to simplify the comparison of the gradient amplitude, the gradient angle O needs to be processed as follows:
Step 1: The range of inverse trigonometric function is ( /2, /2)
, so the gradient angle O obtained by (4) can plus a constant / 2 π , and then range becomes (0, ) π .
Step 2: Based on Table 1 and Figure 6 , the gradient angles O are divided into four sectors of the circumference, and then the gradient angles O are reset. Based on the gradient angle O of each pixel after resetting, we traverse two adjacent pixels in the gradient direction and then compare the gradient amplitude G: If the gradient amplitude of the target pixel is greater than the gradient amplitudes of the adjacent two pixels, the gradient amplitude of the target pixel is the maximum value, and then its gradient amplitude is scaled by (5) . Otherwise, the gradient amplitude of target pixel will be reset to zero:
where Gmax is the maximum value of the image gradient amplitude and Gi is gradient amplitude of target pixel. After the non-maximum suppression, the gradient amplitudes G have been a certain degree of shrinkage. Meanwhile, the pixels with the largest local gradient amplitude are retained, whose gradient amplitudes are scaled to their gray values, and then gray values of other pixels are reset to zero, as shown in Figure 7 .
(a) (b) Based on the gradient angle O of each pixel after resetting, we traverse two adjacent pixels in the gradient direction and then compare the gradient amplitude G: If the gradient amplitude of the target pixel is greater than the gradient amplitudes of the adjacent two pixels, the gradient amplitude of the target pixel is the maximum value, and then its gradient amplitude is scaled by (5) . Otherwise, the gradient amplitude of target pixel will be reset to zero:
where G max is the maximum value of the image gradient amplitude and G i is gradient amplitude of target pixel. After the non-maximum suppression, the gradient amplitudes G have been a certain degree of shrinkage. Meanwhile, the pixels with the largest local gradient amplitude are retained, whose gradient amplitudes are scaled to their gray values, and then gray values of other pixels are reset to zero, as shown in Figure 7 .
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That method is non-maximum suppression. Non-maximum suppression is performed in the gradient direction, and the pixels where the local gradient amplitude is the largest are retained. In order to simplify the comparison of the gradient amplitude, the gradient angle O needs to be processed as follows:
where Gmax is the maximum value of the image gradient amplitude and Gi is gradient amplitude of target pixel. After the non-maximum suppression, the gradient amplitudes G have been a certain degree of shrinkage. Meanwhile, the pixels with the largest local gradient amplitude are retained, whose gradient amplitudes are scaled to their gray values, and then gray values of other pixels are reset to zero, as shown in Figure 7 . 
Dual Threshold Edge Detection
The purpose of image edge detection in this paper is to better identify the edges of un-iced power transmission lines and iced power transmission lines, which tries to keep the image foreground and remove the image background. However, the purpose of the traditional Canny operator for image edge detection is to obtain the optimal image edges, which does not consider removing image background.
In order to retain power transmission line edges and remove non-power transmission line edges, we can set a dynamic dual threshold based on the gradient amplitude of the power transmission line edges. The high threshold H is the very obvious gradient amplitude of power transmission line edges, and then the low threshold L is gradient demarcation point of power transmission line edges and non-power transmission line edges. When G i > H, we think that the target pixel must be the image edge. When G i < L, we think that the target pixel must not be image edge. The pixel whose gradient amplitude is between L and H is further verified as the pending image edge: If the gradient amplitude of pixel is smaller than the high threshold value H in the range of 3 × 3 neighborhood, the pixel is not the image edge. In final obtained image edges, power transmission line edges are preserved to a certain extent and then non-power transmission line edges are removed on the greatest degree. The three-dimensional display image of the gradient amplitude (or gray value) of Figure 7 is obtained as shown in Figure 8 .
In order to retain power transmission line edges and remove non-power transmission line edges, we can set a dynamic dual threshold based on the gradient amplitude of the power transmission line edges. The high threshold H is the very obvious gradient amplitude of power transmission line edges, and then the low threshold L is gradient demarcation point of power transmission line edges and non-power transmission line edges. When Gi > H, we think that the target pixel must be the image edge. When Gi < L, we think that the target pixel must not be image edge. The pixel whose gradient amplitude is between L and H is further verified as the pending image edge: If the gradient amplitude of pixel is smaller than the high threshold value H in the range of 3 × 3 neighborhood, the pixel is not the image edge. In final obtained image edges, power transmission line edges are preserved to a certain extent and then non-power transmission line edges are removed on the greatest degree. The three-dimensional display image of the gradient amplitude (or gray value) of Figure 7 is obtained as shown in Figure 8 . As can be seen from Figure 8 , the gradient amplitudes of the pixels only change significantly at the edge of the power transmission line and reach a peak value; what's more, the changes in other locations are small.
Moreover, it is observed that pixels with gradient amplitude greater than 50 in Figure 8 are substantially located at the edge of the power transmission line, and then parts of pixels with gradient amplitude greater than 25 are also located at the edges, so the high threshold value of Figure 8a ,b can be 50, and then the low threshold value of Figure 8a ,b can be 25. Based on dual threshold, we further determine the image edges. Finallly, after determining the image edges, we set the gray values of the edge pixels to 255 and the gray values of the non-edge pixels to 0 to get the binary edges of image, as shown in Figure 9 . As can be seen from this figure, while carrying on the edge detection, we have retained the edges of the power transmission line to the greatest extent possible, and removed some non-edges of power transmission line. As can be seen from Figure 8 , the gradient amplitudes of the pixels only change significantly at the edge of the power transmission line and reach a peak value; what's more, the changes in other locations are small.
Moreover, it is observed that pixels with gradient amplitude greater than 50 in Figure 8 are substantially located at the edge of the power transmission line, and then parts of pixels with gradient amplitude greater than 25 are also located at the edges, so the high threshold value of Figure 8a ,b can be 50, and then the low threshold value of Figure 8a ,b can be 25. Based on dual threshold, we further determine the image edges. Finallly, after determining the image edges, we set the gray values of the edge pixels to 255 and the gray values of the non-edge pixels to 0 to get the binary edges of image, as shown in Figure 9 . As can be seen from this figure, while carrying on the edge detection, we have retained the edges of the power transmission line to the greatest extent possible, and removed some non-edges of power transmission line. 
Power Transmission Line Edge Detection Based on Least Squares Hough Transform
In order to further identify the edges of the power transmission line from the image edges, this paper presents a new algorithm based on a least squares Hough transform. The Hough transform is used to locate the edges of un-iced power transmission lines and iced power transmission lines roughly, and then the least squares method is used to locate them accurately.
Rough Positioning
The principle of the Hough transform is to transform the straight line detection problem of image space into parameter space by using the mapping relation between image space and parameter space. Then we determine the pixels located on the same line by finding the cumulative peak in the parameter space [17] [18] [19] [20] [21] [22] [23] . Therefore, the Hough transform can be used for rough positioning of uniced power transmission line edge and iced power transmission line edge.
In the image space i-j, all collinear points can be represented by a straight line equation:
where k is the slope of the straight line and b is the intercept. Taking (i, j) as the parameter, and (k, b) as the variable, we can get (7):
where i is the slope of the straight line and j is the intercept. So (7) can be regarded as a linear equation of parameter space k-b. Thus, a point in the image space corresponds to a straight line in the parameter space, and points collinear in the image space intersect at the same point in the parameter space, as shown in Figure 10 . If the slope of straight line in the image space is infinite (the linear equation x = a), the above corresponding relationship will not be expressed. In order to be able to express any slopes of straight line detection, the parameter coordinate (k, b) should be expressed as polar coordinates ( ρ , θ ): 
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where i is the slope of the straight line and j is the intercept. So (7) can be regarded as a linear equation of parameter space k-b. Thus, a point in the image space corresponds to a straight line in the parameter space, and points collinear in the image space intersect at the same point in the parameter space, as shown in Figure 10 . 
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Rough Positioning
where i is the slope of the straight line and j is the intercept. So (7) can be regarded as a linear equation of parameter space k-b. Thus, a point in the image space corresponds to a straight line in the parameter space, and points collinear in the image space intersect at the same point in the parameter space, as shown in Figure 10 . If the slope of straight line in the image space is infinite (the linear equation x = a), the above corresponding relationship will not be expressed. In order to be able to express any slopes of straight line detection, the parameter coordinate (k, b) should be expressed as polar coordinates (  ,  ): If the slope of straight line in the image space is infinite (the linear equation x = a), the above corresponding relationship will not be expressed. In order to be able to express any slopes of straight line detection, the parameter coordinate (k, b) should be expressed as polar coordinates (ρ, θ):
where ρ is the distance from coordinate origin to the straight line, and θ is the angle between the vertical line passing through the origin and the positive direction of i axis.
We assume straight lines of n directions for each pixel point P(i, j), (n = 180, the angular accuracy of the detection line is 1 • ) and then calculate the (ρ, θ) coordinates of the n straight lines separately, as shown in Figure 11 . Finally, we can get the corresponding polar coordinates of n straight lines of all pixel points. Therefore, a point in the image space corresponds to a sinusoidal curve in the parameter space, while collinear points in the image space intersect at the same point in the parameter space. (a) (b) Figure 11 . The correspondence between the image space i-j and the parameter space  - .
Based on the mapping relationship between the image space i-j and the parameter space  - , we detect the pixels of image edges in Figure 9 , and then calculate  under all  , at the same time, accumulate the occurrence number of  under  . The results are shown in Figure 12 .
When the cumulative number is greater than the threshold value PL, the pixels are on a straight line whose pixel length is greater than threshold value PL. In order to accurately detect the edges on both sides of the power transmission line, the selected threshold PL should be significantly larger than the cumulative number of the other non-edge lines. By observing Figure 12 , the occurrence number of  under  in power transmission line edges is significantly larger than non-edge lines, so the optimum threshold can be chosen as 100. Based on the mapping relationship between the image space i-j and the parameter space ρ-θ, we detect the pixels of image edges in Figure 9 , and then calculate ρ under all θ, at the same time, accumulate the occurrence number of ρ under θ. The results are shown in Figure 12 .
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where ρ is the distance from coordinate origin to the straight line, and θ is the angle between the vertical line passing through the origin and the positive direction of i axis. We assume straight lines of n directions for each pixel point P(i, j), (n = 180, the angular accuracy of the detection line is 1°) and then calculate the ( ρ , θ ) coordinates of the n straight lines separately, as shown in Figure 11 . Finally, we can get the corresponding polar coordinates of n straight lines of all pixel points. Therefore, a point in the image space corresponds to a sinusoidal curve in the parameter space, while collinear points in the image space intersect at the same point in the parameter space. Figure 11 . The correspondence between the image space i-j and the parameter space ρ -θ .
Based on the mapping relationship between the image space i-j and the parameter space ρ -θ , we detect the pixels of image edges in Figure 9 , and then calculate ρ under all θ , at the same time, accumulate the occurrence number of ρ under θ . The results are shown in Figure 12 .
When the cumulative number is greater than the threshold value PL, the pixels are on a straight line whose pixel length is greater than threshold value PL. In order to accurately detect the edges on both sides of the power transmission line, the selected threshold PL should be significantly larger than the cumulative number of the other non-edge lines. By observing Figure 12 , the occurrence number of ρ under θ in power transmission line edges is significantly larger than non-edge lines, so the optimum threshold can be chosen as 100. We set the color of detected power transmission line edge pixels to red by setting PL = 100. The rough positioning results of the power transmission line edge after Hough transform are shown in Figure 13 with the red color pixels. When the cumulative number is greater than the threshold value P L , the pixels are on a straight line whose pixel length is greater than threshold value P L . In order to accurately detect the edges on both sides of the power transmission line, the selected threshold P L should be significantly larger than the cumulative number of the other non-edge lines. By observing Figure 12 , the occurrence number of ρ under θ in power transmission line edges is significantly larger than non-edge lines, so the optimum threshold can be chosen as 100.
We set the color of detected power transmission line edge pixels to red by setting P L = 100. The rough positioning results of the power transmission line edge after Hough transform are shown in Figure 13 with the red color pixels. 
Accurate Positioning
The power transmission line edge pixels detected by the Hough transform may be located on a a number of straight lines whose pixel length are greater than PL, because the Hough transform is easily affected by image background and noises. In order to obtain the optimal single pixel power transmission line edges from power transmission line edges, it is necessary to carry out a pixel coordinate fitting of the power transmission line edges by the least square function.
First of all, we can determine the center pixel coordinate equation of the power transmission line to split the power transmission line pixels of both sides. Based on (6), the coordinates of all power transmission line edge pixels are regressed by least squares to calculate center pixel coordinate equation of the power transmission line is calculated:
Secondly, the pixels of power transmission line edges are divided into two groups based on (10):
Each group of pixels is located on one side of the power transmission line. Once again, the least square fitting is performed using (6) for each group of pixel coordinates to obtain the optimal single pixel edge on both sides of power transmission line:
Finally, the grayscale value of pixels obtained by the optimal edge is set to 255, that is, the pixel color is set to white, so we can obtain the accurate positioning results of power transmission line edge. Based on rough power transmission line edges (see Figure 13) , we can get pixel coordinate equations of optimal edges on both sides of the power transmission line after accurate positioning:
2.1101 593.1086 2.1480 596.3764
2.0497 559.2582 2.2662 609.6376
The optimal single pixel edges of power transmission line are as shown in Figure 14 . As shown in Figure 14 , the edge detection algorithm based on the least squares Hough transform is less sensitive to non-edge pixels and image noises, and then can accurately identify the edges of un-iced power 
The power transmission line edge pixels detected by the Hough transform may be located on a a number of straight lines whose pixel length are greater than P L , because the Hough transform is easily affected by image background and noises. In order to obtain the optimal single pixel power transmission line edges from power transmission line edges, it is necessary to carry out a pixel coordinate fitting of the power transmission line edges by the least square function.
Finally, the grayscale value of pixels obtained by the optimal edge is set to 255, that is, the pixel color is set to white, so we can obtain the accurate positioning results of power transmission line edge.
Based on rough power transmission line edges (see Figure 13) , we can get pixel coordinate equations of optimal edges on both sides of the power transmission line after accurate positioning:
The optimal single pixel edges of power transmission line are as shown in Figure 14 . As shown in Figure 14 , the edge detection algorithm based on the least squares Hough transform is less sensitive to non-edge pixels and image noises, and then can accurately identify the edges of un-iced power transmission line and iced power transmission line in images with complicated background and various noises. 
Calculation of Icing Thickness

Calculating Icing Thickness Based on the Least Squares Hough Transform
The imaging principle of the camera is as shown in Figure 16 . The camera can be seen as a convex lens, f is the focal length, d is the object distance, and v is the image distance. 
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The imaging principle of the camera is as shown in Figure 16 . The camera can be seen as a convex lens, f is the focal length, d is the object distance, and v is the image distance.
Calculation of Icing Thickness
Calculating Icing Thickness Based on the Least Squares Hough Transform
The imaging principle of the camera is as shown in Figure 16 . The camera can be seen as a convex lens, f is the focal length, d is the object distance, and v is the image distance. Based on the imaging principle of convex lens, we can get (14): Based on the imaging principle of convex lens, we can get (14):
where R p is the size of the image, and R 0 is the radius of power transmission line. We use a remote camera mounted at a fixed position on the tower to take images of un-iced power transmission lines and iced power transmission lines at a fixed angle. Therefore, the deformation ratio is fixed and the same at the same position of the image. Then we can get the calculation formula of icing thickness based on the images of un-iced power transmission lines and the images of iced power transmission lines.
where D is icing thickness, x 2 is the pixel radius of the icing power transmission line and x 1 is the pixel radius of un-icing power transmission line. To get x 2 /x 1 , we need to do the following analysis: At point A of Figure 17a , the pixel radius of the iced wire is AB/2. Likewise, A'B'/2 is the pixel radius of the un-iced wire (see Figure 17b) . The camera takes images from a fixed position and at a fixed angle, so ∆ABC and ∆A'B'C' are similar, then:
So the geometrical calculation model of icing thickness on power transmission line is obtained:
According to edge detection results of the power transmission line (Equations (12) and (13)), we substitute the image pixel height into equation unknown number j, and then get A'C' = 8.46 pixel and AC = 27.21 pixel.
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According to edge detection results of the power transmission line (Equations (12) and (13)), we substitute the image pixel height into equation unknown number j, and then get A'C' = 8.46 pixel and AC = 27.21 pixel. Compared with the manual count results of power transmission line edge on original image, the recognition error is <1 pixel, as shown in Table 2 . Therefore, the image recognition algorithm based on least squares Hough transform can accurately detect power transmission line edge. The known power transmission line is ACSJ-400/50, whose diameter is 27.63 mm, so the icing thickness D = 30.62 mm can be calculated by (17) . Compared with the manual count results of power transmission line edge on original image, the recognition error is <1 pixel, as shown in Table 2 . Therefore, the image recognition algorithm based on least squares Hough transform can accurately detect power transmission line edge. The known power transmission line is ACSJ-400/50, whose diameter is 27.63 mm, so the icing thickness D = 30.62 mm can be calculated by Equation (17).
Comparison with Other Image Recognition Methods
Although we do not know the real icing thickness on the monitoring point, the real average icing thickness of the entire power transmission line is 21.22 mm, so the average icing thickness of the entire power transmission line can be used as a reference for the icing thickness at the monitoring point to verify its correctness. We tested other image recognition methods in Figure 2 and calculate the icing thickness. The final results are shown in Table 3 . Notes: Method A is the least squares Hough transform method. When image edges are obtained, method B simply averages the vertical coordinates of the upper outline pixels and lower outline pixels of power transmission line as power transmission line edges distance [10, 24] ; Method C searches for the distance between the upper and lower power transmission line edge pixels to obtain the maximum distance as the power transmission line edges distance [25] , and then method D uses the Hough transform to fit two random points on the power transmission line edges to calculate the slope of the power transmission line edges [16] .
As can be seen from Table 3 , the error of method D is the largest in the calculated icing thickness results. In this method, we have used 10 sets of two random points on the power transmission line edges to calculate the icing thickness. The resulting icing thickness, which ranges from 17.97 mm to 57.47 mm, depends on the accuracy of the two random points and then produces very unstable results. Method C uses the maximum distance of the power transmission line edges to calculate icing thickness, so the resulting error is the largest of methods A, B and C. Obviously, the calculated icing thickness from method A and method B are closest to the real icing thickness. Compared with method A, method B accumulates all the pixel coordinates to compute an average, which can require a large amount of calculation. In summary, the image recognition algorithm based on least squares Hough transform can accurately detect and calculate icing thickness. Moreover, it's an easy and stable algorithm.
Conclusions
Aiming at the shortcomings of current icing thickness detection methods for power transmission lines, a new image recognition method for icing thickness on power transmission lines based on a least squares Hough transform is proposed in this paper.
Firstly, the grayscale images of un-iced power transmission lines and iced power transmission lines are obtained by grayscale processing. Secondly, according to the principle of preserving power transmission line edges and removing non-edges, we set the self-adaptation dual threshold based on image gradient change and then detect the image edges by a Canny operator. Thirdly, the Hough transform is combined with the least squares method to accurately detect power transmission line edges and get pixel coordinate equations of optimal single pixel edges. Finally, according to the imaging principle of the camera and the real radius of the un-iced power transmission line, the geometric calculation model for icing thickness is established to achieve automatic calculation of icing thickness.
The algorithm can be used to accurately extract power transmission line edges in the images with complex backgrounds and noise interference. It solves the shortcomings of the traditional Hough transform in the parameter space which is easy to be disturbed by the image background and noises, and then realizes the automatic calculation of icing thickness. Therefore, this paper explores a new approach to image recognition of icing thickness. It is proved that the method is sensitive to image background and noises, and identification errors of power transmission line edges are less than 1 pixel. Furthermore, this method is simple and easy to program, and has a certain practicality.
